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Abstract—In this paper, a hybrid microgrid with series- and
parallel-connected microconverters is proposed. A few series-
connected low voltage microconverters are used to build a string
converter with rated output voltage magnitude. Then, the parallel
operation of string converters increases the power rating and re-
dundancy of the microgrid. To realize both grid-tied and islanding
microgrid control with proper power sharing, a hierarchical power
regulation method is developed with simultaneous point of common
coupling (PCC) voltage and microconverter voltage control. First,
the well-understood droop control is adopted to obtain PCC volt-
age reference for power sharing between parallel string converters.
Second, a power balancing regulation through microconverter lo-
cal voltage control is used to redistribute output power demand
among series-connected microconverters in a string converter. As
the string converter line current measured by all microconverters
is the same, it is utilized to develop a novel synchronizer to intercon-
nect the string converter central controller and the microconverter
local controllers with only low bandwidth communications. Due to
the coordination of string converter central control and microcon-
verter local control, the proposed hybrid microgrid can operate in
grid-tied and islanding modes with real and reactive power sharing
for each microconverter.

Index Terms—Decentralized control, droop control, hierarchical
control, hybrid microgrid, low bandwidth communication (LBC),
power control.

I. INTRODUCTION

THE growing installation of distributed generation (DG)
units has brought structural changes to modern power

distribution systems. When multiple parallel DG units are
operating together, they can form a microgrid to provide more
flexible power supply to the loads within the power distribution
network [1].
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An important feature of microgrid is the capability of island-
ing operation [2]–[4], where proper power sharing should be
achieved between parallel DG units. The master-slave control
can be adopted to regulate the system. However, this control
method has a few limitations, such as the use of high bandwidth
communication to transmit the instantaneous voltage references
to each DG unit slave controller. Accordingly, this method can
reduce system reliability and may cause poor dynamic per-
formance during load transients [8]. To avoid the use of high
bandwidth communications, the well-understood droop control
method [5] for the operation of distributed synchronous gen-
erators [17] has been utilized for controlling parallel DG units.
Nevertheless, the conventional droop control may cause stability
problems and reactive power sharing errors, particularly when
the microgrid system has imbalanced/harmonic loads [6], [7] or
feeder is mainly resistive [9]. In recent literature, many modi-
fied methods have been developed to improve the performance
of droop control. For instance, the virtual real and reactive power
[10] and the virtual frequency and voltage magnitude [11] con-
cepts have been proposed to decouple the real and reactive power
sharing control. To maintain a stable operation of weak micro-
grid and to improve the reactive power sharing control accuracy,
the virtual impedance based control method was proposed in [2],
[12], and [13]. More recently, the hierarchical control has been
applied to control a microgrid or a microgrid cluster. With the
help of this control algorithm, ac system frequency, point of
common coupling (PCC) voltage magnitude, and dc rail voltage
deviations can be fully compensated at steady-state, through
either centralized secondary control [14], [15] or distributed
secondary control [16]. Note that in this process, to compensate
the difference between power demand and the available power
from the back stage renewable energy resources, the battery or
super capacitor system can be included in the dc links of the
droop-controlled DG unit [22], [23].

Due to the continued progress of multilevel converter tech-
niques, a DG unit often has a few low voltage (LV) converter
modules with multiple energy sources [18]. The cascaded H-
bridge or modular multilevel converter topologies are the most
well-known interfacing converter candidates. However, previ-
ous research is mainly focused on the output power and current
response of the interfacing converter. In this situation, the in-
ternal power demand allocation among LV cells can hardly be
achieved. To address this problem, a few enhanced control meth-
ods have been proposed to have better management of internal
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Fig. 1. Diagram of a parallel- and series-connected microconverters based hybrid microgrid.

power allocation of the system [19]. In [20] and [21], the real
and reactive power reference of each H-bridge cell is designed
to have independent maximum power point tracking or optimal
reactive power support. In addition to single-phase applications,
the power quality issues of this topology in a three-phase sys-
tem, such as the interphase imbalance current compensation,
were discussed in [30].

In recent year, the series-connected LV microconverters with
an LC filter for each cell are used to build up a DG interfacing
converter [24]–[26]. It has been verified in [24] and [33] that
these new topologies can provide more flexibility and reduce
the cost of grid-tied converters. First, the high voltage dc wiring
is not needed due to the use of only LV dc rails. Second, the
high set-up dc/dc boost converter for the conventional DG unit in
[18] is removed from the system. To promote the applications of
series microconverters based DG-grid interfacing converters in
a dual-mode microgrid, some topics should be further discussed:

1) Due to the limitation of renewable energy resources
availability, remotely installed microconverters are often
connected in series as a string converter system. In this
case, long distance high bandwidth communications
between microconverters and microgrid central control
can reduce the reliability of the system.

2) Previous research in [24] and [25] mainly focused on
the operation in grid-tied mode. For dual-mode microgrid
applications, the voltage support scheme for islanding mi-
crogrid should be developed.

3) Conventional droop control methods do not have
the capability to regulate the power sharing between
series-connected LV converter modules. To solve this
limitation, the inverse power factor droop control in [26]
has been applied to maintain power sharing between
series-connected converters in islanded system.

Unfortunately, the output characteristics of this DG unit are
not compatible with other DG units regulated by conventional
droop control. Therefore, developing a generalized power con-
trol method that can realize proper power sharing at both DG
unit string converter level and microconverter cell level is defi-
nitely needed.

Motivated by the above-mentioned discussions, series- and
parallel-connected microconverters are used to form a microgrid
with both grid-tied and islanding operation capability. First, a
few series-connected microconverters are used to form a string
converter. Then, the parallel-connection of string converters is
used to supply power to the microgrid. The proposed system
uses a hierarchical power sharing scheme where the upper con-
trol scheme is responsible for power sharing between parallel
string converters and the lower level control is responsible for
distributing the power demand among series-connected micro-
converters. With this control algorithm, the system can be more
flexible as each microconverter is able to participate in the power
sharing in both grid-tied and islanding modes. In order to re-
duce the burden of communications for hierarchical control, the
fundamental component of string converter line current is uti-
lized as a synchronizer to form a novel synchronizer between
string converter central control system and microconverter local
control system. Simulated and experimental results verify the
correctness of the proposed system.

II. PROPOSED HYBRID MICROGRID

Fig. 1 shows the configuration of the proposed hybrid micro-
grid. The system is composed of two parallel DG units. Each
DG unit is interfaced to PCC with a string converter. The PCC
of the microgrid is then connected to the main grid with static
transfer switch (STS). When the main grid is not available, the
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STS is OFF and the system operates in autonomous islanding
mode. In this case, the PCC load should be powered up by the
parallel string converters.

The power circuit of a string converter is composed of a few
series-connected microconverters. Each microconverter has an
LC output filter. These microconverters work together to get a
suitable string converter output voltage magnitude for grid in-
tegration. The central controller regulates the output power and
voltage of the string converter. It is also connected with micro-
converter local controllers with low bandwidth communications
(LBCs). The local controller of the microconverter regulates the
output voltage of the microconverter for power balancing con-
trol between series microconverters.

A. DG Unit Power Control

For grid-connected operation, the DG-grid interfacing string
converter can inject controllable real and reactive power into
the main grid. First, by using LBC links, the string converter
central controller receives the information of all microconvert-
ers. For instance, the information of state of charge of the back
stage battery banks or the dc voltage of the super capacitors can
be collected by the DG unit central controller. Then, the real
power reference Pref and the reactive power reference Qref of
the string converter are determined by the preset energy manage-
ment strategies [22]. With the above-mentioned power manage-
ment mechanism, the output power reference of microconverter
k can be re-expressed as

Pref , k = εp, kPref (1)

Qref , k = εq, kQref (2)

where Pref ,k and Qref ,k are the reference real and reactive
power of microconverter k. The coefficients εp,k and εq,k are the
output power ratio of microconverter k in this string converter.

To have a closed-loop control of the string converter output
power, the droop control can be implemented in string converter
central controller as

ωDG = ω∗ + Dp · ωcut

s + ωcut
· (Pref − PDG) (3)

EDG = E∗ +
(

Dq +
kiq

s

)
· ωcut

s + ωcut
· (Qref − QDG) (4)

where ω∗ and ωDG are the nominal and the reference angular
frequencies of the string converter. E∗ and EDG are the nominal
and reference string converter voltage magnitudes. PDG and
QDG are the string converter real and reactive power measured
by the central controller. ωcut is the cut-off frequency of low
bandwidth filters DP , Dq , and kiq are coefficients of the power
loop controller. It is necessary to note that the integral control in
(4) can ensure zero steady-state reactive power tracking error for
string converter grid-tied operation. As the output reactive power
is determined by the PCC load demand in islanding operation
mode, this gain kiq should be set to zero for parallel string
converters power sharing when the main grid is OFF.

When the voltage magnitude and frequency references are
determined by (3) and (4), the instantaneous voltage reference

Fig. 2. Equivalent circuit of a string converter system.

V ∗
DG , C can be obtained by using a reference generator as

V ∗
D G , C

= EDG sin
(∫

ωDGdt

)
. (5)

It is necessary to note that with the regulation of string converter
output voltage as V ∗

DG , C , it can be self-synchronized with the
main grid without using any phase-locked-loops (PLLs). This
is similar to the characteristics of the “synchronverters” as dis-
cussed in [31].

B. Microconverter Local Power Control

With the controllers in (1)–(5), the output power of a string
converter system can be effectively regulated. The output power
of a string converter is the sum of the output power of all series-
connected microconverters. Nevertheless, the power reference
ratio of each microconverter has not been determined yet.

Assuming all series microconverters in a string converter
equally share the output power command, the reference voltage
in (5) can be divided by the series-connected microconverter
numbers N. Then, it is used as the reference voltage for all
microconverters as

V ∗
M C , k

= V ∗
D G , L

/N (6)

where V ∗
MC , k is the reference voltage of microconverter k and

V ∗
DG , L is the string converter voltage reference received by

the microconverter local controller. The method of transmitting
the reference voltage V ∗

DG , C from the string converter central
controller to microconverter local controllers as V ∗

DG , L will be
discussed later in the next section.

Note that the output power of these microconverters can be
different for better power management of a string converter [22],
but the controller in (6) cannot provide this independent power
regulation function. This limitation is solved by using a power
compensator in the microconverter local controller, as shown in
Figs. 2 and 3.



4820 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 6, JUNE 2018

Fig. 3. Phasor diagram of a microconverter.

First, the equivalent circuit of a string converter is shown in
Fig. 2. As shown in the top half of the figure, the string converter
is modeled as a controlled voltage source, where the real power
flow PDG is in proportion to the phase angle difference between
string converter output and PCC voltages as θVol − θPCC and
the reactive power flow QDG is in proportion to the voltage
magnitude difference as EDG − VPCC .

The equivalent circuit of a string converter is composed of a
few series-connected LV-controlled voltage sources. For each
microconverter, it is represented by two voltage sources as
VDG/N and ΔVcomp as shown in the lower part of Fig. 2.
When only VDG/N is working and ΔVcomp is zero, the real and
reactive power command is equally shared by all series micro-
converters. But when ΔVcomp is not zero, this term can be used
to actively adjust the microconverter output power as ΔPcomp
and ΔQcomp , according to the power control requirement.

The relationship between a microconverter output power vari-
ations and the corresponding voltage term ΔVcomp is shown in
Fig. 3. The reference frame is aligned to the string converter line
current phasor. It can be seen that when there are some changes
of microconverter voltage, the variation of real power ΔPcomp
is in proportion to voltage phasor ΔVpcomp in the horizontal
direction and the change of reactive power ΔQcomp is in pro-
portion to the voltage phasor ΔVqcomp that is 90 degree lagging
of the line current.

According to this relationship, the closed-loop local power
control of a microconverter k is given as

V ∗
M C , k

= V ∗
D G , L

/N + ΔVpcomp + ΔVqcomp

ΔVpcomp =
(

kp,MC +
ki,MC

s

)
(εp,kPDG − PMC ,k )

× cos (θCur, L )

ΔVqcomp =
(

kp, MC +
ki, MC

s

)
(εq, kQDG − QMC , k )

× sin (θCur, L ) (7)

where kp, MC is the proportional gain and ki, MC is the integral
gain of the PI regulator for independent microconverter local
real and reactive power regulation and θCur, L is phase angle of
the string converter line current detected by the microconverter
local controller.

When the reference voltage for microconverter k is deter-
mined, the well-understood double-loop voltage controller as

shown in [5] is selected for fast microconverter voltage track-
ing. The outer control loop is given as

I∗ref , k = GOuter(s) ·
(
V ∗

M C , k
− VC, k

)

=
(

kp +
2kiωcs

s2 + 2ωcs + ω∗2

)
·
(
V ∗

M C , k
− VC, k

)
(8)

where VC, k is the measured microconverter LC filter capacitor
voltage, kp is the proportional gain, ki is the gain of the quasi-
resonant controller, and ωc is the cut-off frequency of the quasi-
resonant controller.

The inner control loop for microconverter output current
tracking is given as

V ∗
PWM , k = GInner(s) ·

(
I∗ref , k − Io, k

)
= kInner ·

(
I∗ref , k − Io, k

)
(9)

whereI∗ref , k is reference current of the inner current control loop,
Io, k is the output current of the microconverter, kInner is the in-
ner loop proportional gain, and V ∗

PWM , k is the reference voltage
of the H-bridge based microconverter k.

III. STRING CONVERTER AND

MICROCONVERTER COORDINATION

In the previous section, the information of the string con-
verter, including the string converter real and reactive power
(PDG and QDG ), the output power ratio reference (εp, k and
εq, k ) of each microconverter and the instantaneous reference
voltage (V ∗

DG , C ), shall be sent from the string converter central
controller to microconverter local controllers. It is important to
note that the instantaneous voltage reference (V ∗

DG , C ) is an ac
quantity. Thus, it is difficult to send this information via the
conventional LBC systems.

To overcome this limitation, a novel communication method
using the fundamental string converter line current as a synchro-
nizer is proposed, as shown in Fig. 4. First, the magnitude and
phase angle of the reference voltage V ∗

DG , C and the phase angle
of line current IDG ,C are obtained via the sliding discrete Fourier
transform (DFT) [27] at the string-converter central controller
as EDG ,C , θVol,C , and θCur, C . The sliding DFT here is a fast
calculation scheme that can obtain phase angle and magnitude
of signals at fundamental and harmonic frequencies using only
sampled data of one fundamental cycle.

For steady-state reference voltage, the magnitude of refer-
ence voltage EDG ,C is dc. In addition, it can be seen that the
power regulation using droop control usually has slow dynam-
ics. Accordingly, the difference of voltage and current phase
angle ΔθC = θVol, C − θCur, C is also dc quantity for small
time-scale analysis. This means the dynamic response of ΔθC

is slow and it can only change in a small range in a few switching
cycles [15]. In this case, these two dc components EDG , C and
ΔθC can be sent from the string converter central controller to
the microconverter local controllers via an LBC. It is necessary
to note that the detection of reference voltage and line current
phase angle using sliding DFT is only for the synchronization
of central controller and local controller using LBCs. It is not
the same as grid-synchronization using PLLs [32].
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Fig. 4. Low-bandwidth communication between string converter central controller and microconverter local controller.

Fig. 5 . Control diagram for a string converter system.

Due to the feature of series-connected configuration, the cen-
tral controller and the microconverter local controller measure
the same string converter current as IDG . With this finding, the
received signals EDG , L and ΔθL at microconverter local con-
troller can be used to reconstruct the instantaneous reference

voltage as

V ∗
DG , L = EDG , L sin (ΔθL + θCur, L ) (10)

where V ∗
DG ,L is string converter instantaneous reference volt-

age obtained by the microconvetrer local controller, EDG ,L and
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TABLE I
PARAMETERS OF THE SIMULATED AND EXPERIMENTAL SYSTEM

Circuit Parameter Value

Grid voltage Single-phase 120 V/50 Hz
Microconverter numbers in 4
a string converter
Microconverter LC filter L1 = 1 mH R1 = 8 mΩ ; Cf = 60 μF;
DC link voltage 165 V
Switching frequency 20 kHz
PCC RL load R = 10 Ω L = 25 mH
Feeder impedance String Converter1: R = 0.2 Ω , L = 1.7 mH

String Converter2: R = 0.2 Ω , L = 2.0 mH
Central Controller parameter Value
Real power droop coefficient DP = 1/550
Reactive power droop coefficient Dq = 1/220 k i q = 1/45
Sampling frequency for SDFT 20 kHz
Local Controller parameter Value
Sampling frequency for SDFT 20 kHz
Power control coefficient kP , MC = 1/100, ki , MC = 1/70
Outer loop control kp = 0.1, ki = 20, ωc = 5 rad/s
Inner loop control k i n n e r = 20

Fig. 6. Experimental prototype.

ΔθL are the reference voltage magnitude and the phase angle
difference obtained by microconverter. Similarly, ΔθCur, L is
the string converter line current phase angle obtained by mi-
croconverter local measurements. Then, the instantaneous ref-
erence voltage for a microconverter can be obtained as shown
in (10). When both the central controller control scheme and
the local controller control scheme are introduced, the complete
control diagram of the string converter system can be seen in
Fig. 5.

IV. VERIFICATION RESULTS

To verify the performance of the proposed system, simulated
and experimental results are provided in this section. The pa-
rameters of the system can be seen in Table I. The experimental
prototype with two string converters is shown in Fig. 6, where
each microconverter is constructed by insulated gate bipolar

Fig. 7. String converter power control performance (Grid-tied).

transistors (IGBTs) from Infineon. Both the central and the lo-
cal control schemes are developed on TI TMS320 F 28335 DSP
boards. The dc links are powered up by diode rectifiers with
isolation transformer placed at the front end.

A. Simulation

The simulation is conducted in the MATLAB/Simulink envi-
ronment. The configuration of the system is the same as that in
Fig. 1.

1) Grid-Tied Operation: First, the grid-tied operation of a
string converter is verified. When the real and reactive power
references are set to 1500 W and 1500 Var at 1.0 s, the dynamic
performance of the system is shown in Fig. 7. For the sake of
simplicity, the dc links of the microconverters are connected to
four isolated dc sources at 135 V. In addition, the LBC system
is emulated by a zero-order hold with only 300 Hz sampling
frequency.

Similar to the performance of a conventional droop control
based DG unit, it can be seen from Fig. 7 that the real power
response is fast while the reactive power dynamic response is
relatively slow. The corresponding string converter current is
shown in the lower half of the figure. Note that there are some
enhanced methods, such as the adaptive virtual impedance con-
trol and the feed-forward voltage control [12] to improve the
reactive power tracking performance. However, a further dis-
cussion is out of the scope of this paper.

The performance of each microconverter is also investigated.
In the beginning of the simulation, the microconverter local
power control is not activated and four microconverters have
the same voltage reference. Accordingly, they equally share the
power command as shown in Figs. 8 and 9. When the power
control command ratio for microconverters are set to εp,1 =
0.325, εp,2 = 0.275, εp,3 = 0.225, εp,4 = 0.175, εq,1 = 0.175,
εq,2 = 0.225, εq,3 = 0.275, and εq,4 = 0.325 at 2.5 s, it can be
seen that all microconverter output power slowly reaches the
command value at the steady-state.

When the local power control is implemented in the micro-
converter local controller, the line current waveform of the string
converter is shown in Fig. 10. It can be clearly seen that there is
no obvious overshoot during the start of the local power control.
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Fig. 8. Microconverters real power control performance (Grid-tied).

Fig. 9. Microconverters reactive power control performance (Grid-tied).

The microconverter voltage waveforms before and after the
use of the proposed microconverter local power control are
shown in Fig. 11. Without using the proposed local power con-
trol method, the voltage waveforms of four microconverters are
almost the same. When output powers of four microconverters
are not the same due to the activation of local power control, the
ac voltage waveforms also have obvious differences.

In order to demonstrate that the proposed method is still ef-
fective even when the microconverter dc source voltage has
some variations, another simulation was conducted as shown
from Figs. 12 to 16. In this test, microconverter1 and microcon-
verter2 dc rails are connected to super capacitors (1F), while
other microconverters are connected fixed voltage dc sources.
The string converter output power has a ramp increase from
1500 to 3000 W at 4.5 s. The line current and the string con-

Fig. 10. PCC voltage and string converter line current during the transition of
local power regulation (Grid-tied).

Fig. 11. Microconverter voltage before and after local power control
(Grid-tied).

Fig. 12. String converter dynamic performance (Grid-tied).
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Fig. 13. Microconverter1 dynamic performance (Grid-tied; dc link connected
to super capacitor).

Fig. 14. Microconverter2 dynamic performance (Grid-tied; dc link connected
to super capacitor).

Fig. 15. Microconverter3 dynamic performance (Grid-tied; dc link connected
to ideal voltage sources).

verter output power response in Fig. 12 show that the system
can accurately track the power reference and the line current is
always sinusoidal before and after the transient.

In addition, the detailed performance of each microconverter
in this process is shown from Figs. 13 to 16. As the dc links
of microconverter1 and microconverter2 are connected to super

Fig. 16. Microconverter4 dynamic performance (Grid-tied; dc link connected
to ideal voltage sources).

Fig. 17. Two string converters real power sharing performance (Islanding).

Fig. 18. Two string converters reactive power sharing performance (Island-
ing).

capacitor banks, it can be seen from the bottom channels of
Figs. 13 and 14 that the dc link voltage of microconverter1 dips
from 120 to 108 V and the dc link voltage of microconverter2
dips from 100 to 81 V. Even with some dc voltage variations,
the microconverter1 and microconverter2 output real power as
shown in the second channel has an accurate tracking of refer-
ence in the first channel.
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Fig. 19. Two string converters line current and PCC voltage magnitude (Islanding).

Note that similar to [28] and [29], the adaptive power man-
agement schemes through gain adjustment can be applied to the
system to obtain proper management of dc link voltage. Never-
theless, in this system, we intentionally produced mismatched
dc voltage variations to verify the correctness of the proposed
power control and power redistribution method in adverse situ-
ations.

2) Islanding Operation: When the main grid is OFF, parallel
string converters can provide continued electricity to PCC loads.
The islanding operation of a hybrid microgrid with two parallel-
connected string converters at the same power rating is also
examined.

Figs. 17 and 18 show the power control of two string con-
verters. The system has a PCC load step change at 6.0 s. From
the long time-scale waveforms, it can be seen that parallel string
converters almost equally share PCC load demand at both the
steady-state and the transient. Due to the effect of unequal string
converter feeder impedance, there are around 20 Var reactive
power sharing errors between string converter1 and string con-
verter2.

Fig. 19 shows the current of two string converters and the
PCC voltage magnitude. As illustrated, the PCC voltage magni-
tude has around 1 V dip after the load step jump. The zoom-in
waveform in the bottom of the figure clearly demonstrates that
parallel string converters have similar line current in both the
steady-state and the transient during load step change.

The detailed power control performance of microconverters
in string converter1 is also provided in Figs. 20 and 21. In this
test, the proposed microconverter local power control method is

Fig. 20. Microconverters real power control performance (String converter1;
Islanding).

activated in 1.0 s and the power reference ratios of the micro-
converters in string converter-1 are εp,1 = 0.325, εp,2 = 0.275,
εp,3 = 0.225, εp,4 = 0.175, εq,1 = 0.175, εq,2 = 0.225, εq,3 =
0.275, and εq,4 = 0.325. Accordingly, the output power rapidly
drifts to new values after 1 s. When the PCC load has a step
change at 6.0 s, each microconverter output power also increases
instantly.

It is interesting to find although output power of each micro-
converter changes according to the PCC load demand variations,
the output power ratio for each converter is fixed even during
PCC load transient as shown in Figs. 22 and 23.
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Fig. 21. Microconverters reactive power control performance (String con-
verter1; Islanding).

Fig. 22. Microconverters real power ratio (String converter1; Islanding).

Fig. 23. Microconverters reactive power ratio (String converter1; Islanding).

To further demonstrate the performance of the islanding sys-
tem, the voltage waveform of microconverters in string con-
verter1 is also obtained in Fig. 24. It can be seen that before
1.0 s, four microconverters have similar voltage waveform.
When the power commands for microconverters are not the

Fig. 24. Microconverters voltage waveforms in various situations (String con-
verter1; Islanding).

Fig. 25. String converter power control performance (Grid-tied).

same, the voltages of microconverters are also different due to
the use of power regulation term (7) in the local controller.

B. Experiment

Experiments are conducted on a laboratory experimental test
rig. The string converter in the test rig has four microconverters
connected in series, as shown in Fig. 6. The parameters of the
system are shown in Table I. In this experimental system, TI
DSP chips at central and local controllers are communicated via
RS 485 protocol. The baud rate of the communication protocol
is very low at 14 400. In addition, a firm-ware zero-order hold
at 250 Hz sampling frequency is implemented at the microcon-
verter local controllers to further verify the effectiveness of the
proposed communication method in adverse situations.

1) Grid-Tied Operation: First, the grid-tied operation of a
string converter is verified. The string converter is composed
of four microconverters. A central controller measures the PCC
voltage and the string converter current to get a closed-loop
regulation of the output power of the system. In order to emulate
the characteristics of LBC in the laboratory test rig, a firmware
zero-order hold with 300 Hz sampling frequency is used at
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Fig. 26. Microconverters real power control performance (String converter1;
Grid-tied).

Fig. 27. Microconverters reactive power control performance (String con-
verter1; Grid-tied).

Fig. 28. Microconverters voltage waveforms before local power control
(String converter1; Grid-tied).

Fig. 29. Microconverters voltage waveforms after local power control (String
converter1; Grid-tied).

Fig. 30. Two string converters real power sharing performance (Islanding).

Fig. 31. Two string converters reactive power sharing performance
(Islanding).

microconverter local controller to reduce the bandwidth of the
received signals.

When the real and reactive power references have a step
jump from 0 to 1500 W and 0 to 1500 Var at 1.0 s, the dynamic
performance of the system is shown in Fig. 25. In addition,
the local power control is activated at 3.5 s. It is clear that the
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Fig. 32. Two string converters real line current and PCC voltage magnitude (Islanding).

Fig. 33. Microconverters real power control performance (String converter1;
Islanding).

start of local power control does not affect the output power
characteristic of the string converter.

The detailed real and reactive power of each microcon-
verter in this grid-tied system is shown in Figs. 26 and 27,

Fig. 34. Microconverters reactive power control performance (String con-
verter1; Islanding).

respectively. In this system, the real power and reactive power
ratios of microconverter1 to microconverter4 are εp,1 = 0.325,
εp,2 = 0.275, εp,3 = 0.225, εp,4 = 0.175, εq,1 = 0.175, εq,2 =
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Fig. 35. Microconverters real power ratio (String converter1; Islanding).

Fig. 36. Microconverters reactive power ratio (String converter1; Islanding).

0.225, εq,3 = 0.275, and εq,4 = 0.325. As shown, the output
power of all microconverters reaches the reference in around
1.5 s after the start of the local power control.

The corresponding voltage waveforms of microconverters are
shown in Figs. 28 and 29. Fig. 28 shows the voltage waveforms
when the local power control is not activated. As all microcon-
verters have the same reference voltage, the voltage waveforms
of all microconverters are almost the same. Nevertheless, when
the output powers of microconverters are different with the ac-
tivation of the local power control, the microconverter voltages
are different as demonstrated in Fig. 29.

2) Islanding Operation: An experimental islanding system
with two string converters is tested. Each string converter is
composed of four series-connected microconverters. An RL load
bank is adopted as the PCC load.

First, the real and reactive power sharing performance of
parallel string converters is investigated in Figs. 30 and 31. In
this process, the local power control is activated at 0.5 s. Then,
there is a PCC load step jump at 3.5 s. It can be clearly seen that

Fig. 37. Microconverters voltage waveforms before local power control
(String converter1; Islanding).

Fig. 38. Microconverters voltage waveforms after local power control (String
converter1; Islanding).

the proposed method ensures an accurate sharing of real and
reactive power between string converters and the performance
is not affected even when the local power regulation is activated
at microconverter local controllers or there is a sudden increase
of PCC load demand.

The long-time scale line current performance of both string
converters is shown in the upper part of Fig. 32. It can be seen
that the currents of string converters have the same magnitude
in the entire process.

The zoom-in current waveforms are shown in the lower part
of Fig. 32. First, it can be clearly noticed from the left half that
the start of local power control does not bring any obvious dis-
turbance to the current sharing performance of string converters.
Then, the right half waveforms demonstrate that the dynamic
current sharing is accurate even when the PCC load has a step
jump.

The power control performance of microconverters in string
converter1 is illustrated in Figs. 33 and 34. First, all microcon-
verters have the same output real and reactive power when the
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local power control is disabled. When the local power control
is enabled and the real power and reactive power ratios of mi-
crconverter1 to micoconverter4 are set as εp,1 = 0.325, εp,2 =
0.275, εp,3 = 0.225, εp,4 = 0.175, εq,1 = 0.175, εq,2 = 0.225,
εq,3 = 0.275, and εq,4 = 0.325, it can be seen that the output
real and reactive power of microconverters slowly reach a new
steady-state. Nevertheless, when there is a step jump of PCC
load demand, the microconverter output power rapidly changes
to the new steady-state.

Since the output power of all microconverters is measured, the
output power ratios for each microconverter can be investigated
accordingly. This is shown in Figs. 35 and 36. As expected, the
output real power ratio and reactive power ratio are 0.25 for all
microconverters, before the activation of local power control.
When the local power control is enabled, the output power ratio
of each converter slowly reaches the reference in around 3 s. As
the output power ratio reference is fixed after the start of local
power control, it is interesting to note that the curves in Figs. 35
and 36 have no obvious disturbance even when there are sudden
PCC load demand disturbances.

Finally, the voltage waveforms of microconverters are shown
in Figs. 37 and 38. Similar to the simulation, the voltages are
almost the same without local control. When the local power
control is activated in the microconverter local controller, the
waveforms have magnitude and phase angle adjustments ac-
cording to the output power demand. Thus, obvious voltage
waveform differences can be noticed in Fig. 38.

V. CONCLUSION

To have better power control of distributed energy resources
based microgrid, a new hybrid microgrid configuration with
parallel- and series-connected LV microconverters is proposed.
In this system, a few series-connected microconverters form a
string converter and the power sharing between parallel string
converters is realized by using droop control. Then, the control-
lable power distribution among series-connected microconvert-
ers is achieved by a simple feed-forward voltage compensator.
To effectively coordinate the power sharing between parallel
string converters and the power demand redistribution among
series microconverters, an LBC system using the fundamental
component of string converter line current as a synchronizer is
also developed.

With the proposed hybrid microgrid configuration, the corre-
sponding power control scheme, and the LBC system between
string converter central controller and microconverter local con-
trollers, all microconverters in the system are able to participate
in the power sharing in both grid-tied and islanding microgrid
operation modes in a decentralized manner.
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